Duggan GE, Hittel DS, Sensen CW, Weljie AM, Vogel HJ, Shearer J. Metabolomic response to exercise training in lean and diet-induced obese mice. J Appl Physiol 110: 1311-1318, 2011. First published January 26, 2011 doi:10.1152/japplphysiol.00701.2010.-Exercise training is a common therapeutic approach known to antagonize the metabolic consequences of obesity. The aims of the present study were to examine 1) whether short-term, moderate-intensity exercise training alters the basal metabolite profile and 2) if 10 days of mild exercise training can correct obesity-induced shifts in metabolic spectra. After being weaned, male C57BL/6J littermates were randomly divided into two diet groups: low fat (LF) or high fat (HF). After 12 wk of dietary manipulation, HF animals were obese and hyperglycemic compared with LF animals. Mice from each group were further divided into sedentary or exercise treatments. Exercise training consisted of wheel running exercise (2 h/day, 10 days, 5.64 m/min). After exercise training, animals were rested (36 h) and fasted (6 h) before serum collection. Samples were analyzed by highresolution one-dimensional proton NMR. Fifty high-and mediumconcentration metabolites were identified. Pattern recognition algorithms and multivariate modeling were used to identify and isolate significant metabolites changing in response to HF and exercise training. The results showed that while exercise can mitigate some of the abnormal patterns in metabolic spectra induced by HF diet feeding, they cannot negate it. In fact, when the effects of diet and exercise were compared, diet was a stronger predictor and had the larger influence on the metabolic profile. External validation of models showed that diet could be correctly classified with an accuracy of 89%, whereas exercise training could be classified 73% of the time. The results demonstrate metabolomics to effectively characterize obesity-induced perturbations in metabolism and support the concept that exercise is beneficial for this condition.
OBESITY is reaching epidemic proportions in the population. The health implications of obesity are well known and include an increased mortality from cardiovascular disease, type 2 diabetes, and cancer (2, 11, 23) . A common therapeutic approach to treating obesity is exercise. Exercise increases caloric expenditure, alters patterns of substrate utilization, and enhances whole body insulin sensitivity (28) . However, the volume, intensity, and specific mechanisms underlying the beneficial health effects of exercise are debatable and often difficult to assess.
A largely unexplored yet highly sensitive tool to examine the effects of exercise training is metabolomics. Metabolomics is the quantitative assessment of small low-molecular-weight metabolites in response to physiological or pathophysiological stimuli. While the study of metabolites has been a staple of exercise physiology (e.g., blood lactate), advances in technology now allow for the simultaneous quantification of numerous metabolites in a small sample volume. This unbiased, systematic approach, or "metabolomic profile," is powerful in that it permits the investigator to evaluate the fluctuations of a biochemical pathway and its individual components. Unlike transcripts or proteins, which often take hours, days, or even weeks to change, metabolites are the end products of a reaction and closely reflect underlying physiological processes (26) . For this reason, the outputs of metabolomics are highly sensitive indicators of an organism's physiological or disease status (12, 13) .
Using the common laboratory mouse, the present study aimed to determine 1) whether short-term, moderate-intensity exercise training alters basal, whole body metabolite profiles and 2) if exercise training can correct obesity-induced shifts in metabolic spectra. Our laboratory has previously characterized the metabolomic profile of diet-induced obesity in this model (21) . The results of the present study showed that 10 days of low-intensity exercise training was sufficient to normalize blood glucose in obese animals and induce global metabolomic shifts in both lean and obese animals. When diet and exercise treatments of rested animals were compared, diet rather than exercise training had the most pronounced effects on the metabolomic profile, with obese animals displaying perturbations in branched-chain amino acids (BCAAs), large noncharged amino acids, and numerous mediators of insulin signaling.
METHODS
Mouse maintenance. Procedures were approved by the Animal Care and Use Committee of the University of Calgary and abided by the Canadian Association for Laboratory Animal Science guidelines for experimentation. Animals were maintained in a humidity-controlled room with a 12:12-h light-dark cycle. After being weaned (3 wk of age), male C57BL/6J littermates were randomly segregated into two groups and maintained in microisolator cages for 1 wk. After this acclimation period, animals received either a low-fat (LF) diet or a high-fat (HF) diet for 12 wk (58R3, TestDiet, Purina, Richmond, IN). The energy density of the LF diet (5001 Laboratory Rodent Diet, Purina) was 234.0 g/kg of energy as protein, 45.0 g/kg of energy as fat, and 499.0 g/kg of energy as carbohydrate. The HF diet contained 197.4 g/kg of energy as protein, 358.0 g/kg of energy as fat, and 358.2 g/kg of energy as carbohydrate. The primary source of fat in this diet was lard. Both diets met all nutritional requirements of adult mice. To encourage the development of diet-induced obesity, food and water were provided ad libitum throughout the experiment. Food consumption was not monitored or controlled throughout the study.
Exercise training. After 12 wk of dietary manipulation, mice were randomly assigned to either sedentary (SED) or exercise treatment (EX) groups (n ϭ 9 -12 mice/treatment). Exercise was performed on a rotating treadmill wheel system (model 80800A-10, Lafayette Instruments, Lafayette, IN) during daylight hours (9 -11 AM). Acclimation to exercise consisted of 15 min of treadmill exercise at 5.64 m/min in EX animals followed by a 3-day rest period. Exercise was then performed at a constant intensity for a defined duration (5.64 m/min, 2 h/day) for 10 consecutive days. Exercise intensity was chosen so that obese mice could complete the entire protocol. To account for stress induced by animal handling, SED animals were also placed in a stationary treadmill for both acclimation and exercise treatments.
Animal experimentation. At the end of the exercise period, animals were rested for 36 h. This rest period was chosen to negate any direct effects of exercise. Previous work (4) has shown that 18 h of rest is sufficient for the acute effects of exercise on insulin responsiveness to subside. This rest included a 6-h fasting period to negate the effects of postprandial food absorption. Animals were then weighed and anesthetized (pentobarbital). Whole blood (ϳ1 ml) was obtained by a cardiac puncture, placed on ice, and allowed to clot for 30 min. Samples were then centrifuged for 10 min (3,000 rpm), and sera were collected before storage at Ϫ80°C. Blood glucose was assessed in anesthetized mice (One Touch, Lifescan, Burnaby, BC, Canada). Nonesterified fatty acids (NEFAs) were measured spectrophotometrically (Wako NEFA C kit, Wako Chemicals, Richmond, VA). Immunoreactive insulin was assayed with a double-antibody method (19) . Abundant data on LF and HF diet-fed C57BL/6J mice have been previously published (1, 10) .
Metabolite sample preparation. Serum samples of ϳ0.3 ml were stored at Ϫ80°C before data acquisition. Samples were thawed and filtered twice using 3-kDa NanoSep microcentrifuge filters, which had been prewashed to reduce preservative contamination. The filtrate was transferred to clean microfuge tubes; the final sample volume ranged from 100 to 300 l. Samples were brought to 450 l by the addition of 140 l phosphate buffer containing dimethyl silapentane sulfonate (DSS; final concentration: 0.5 mM), 40 l sodium azide, and distilled H 2O. The final sample pH was adjusted to 7.0 Ϯ 0.01.
Spectrum acquisition. One-dimensional nuclear overhauser effect spectroscopy (NOESY) spectra were acquired, in two batches, using an automated NMR case sample changer on a 600-MHz Bruker Ultrashield spectrometer. The NOESY pulse sequence had a mixing time of 100 ms and a water presaturation pulse. Samples were individually shimmed to ensure a half-height line width of ϳ0.8 Hz for the major DSS peak, which was calibrated to 0.0 ppm. Spectra were acquired with 768 scans, zero padded, and Fourier transformed to 64,000 points. Standard postprocessing of the spectra included deletion of the water region, B-spline baseline correction, reference deconvolution, and calibration of the DSS peak. A 1 H 13 C heteronuclear single quantum coherence (HSQC) spectrum of one sample, chosen at random, was acquired for peak assignment and verification.
Metabolite concentration profiling. Processed spectra were imported into Chenomx software (version 4.6) for quantification (Edmonton, AB, Canada). Fifty compounds were profiled based on chemical shift assignments verified by 1 H 13 C two-dimensional HSQC. Spectra were randomly ordered for fitting in the Chenomx Profiler to avoid progressive bias. Compounds were fit from the highest initial concentration to the lowest, with an iterative reinspection. After all samples had been quantified, Perl scripts were used to detect inconsistencies in peak assignment for further reinspection. Each measurement was normalized to the mean sample concentration by dividing each profiled spectral concentration by the total concentration of all profiled metabolites in that sample (26) . For univariate reporting and analysis, profiled concentrations were scaled back to the mean sample dilution.
Multivariate analysis. Projection to Latent Structures (PLS) is a family of pattern recognition tools used to model differences between treatment groups. Normalized concentration measures were imported into SIMCA-P software (Umetrics, Sweden) for multivariate pattern analysis. To evaluate the interaction and separation of diet-and exercise-related effects, PLS was used to characterize the metabolomic changes seen within the four treatment groups. Centered and scaled PLS coefficients were used to evaluate the relative importance of metabolites in each model. Because of its ability to further isolate changes in metabolism specific to each treatment, Orthogonal PLS (OPLS) was subsequently used to isolate diet-related changes in each exercise group. An OPLS model comparing LF and HF diet-fed animals in the SED treatment was created (Y ϭ 0 and Y ϭ 1, respectively). An identical model was constructed for the EX animals, and the resulting model structures were compared.
Model validation. The strength and reliability ("goodness of fit") of models derived from metabolomics data were assessed by comparing the percentage of variation captured in known (modeling) and unknown (testing) samples. Here, two samples from each treatment group or 26% of the samples collected in the study were randomly selected and blinded to the investigator. Samples were then examined for fit into previously described OPLS models. Cross validation was then performed to test each model's ability to predict the class of samples not used in its creation. Jackknifing was used to calculate SEs and t-value 95% confidence intervals for PLS coefficients.
Network analysis. To establish the relationships between metabolites and insulin signaling, metabolite loadings were exported into the Ingenuity Pathway Analysis (IPA) tool (Ingenuity Systems, Redwood City, CA; http://www.ingenuity.com). A separate IPA was performed for SED and EX animals; in each case, only loadings for metabolites changing significantly (P Ͻ 0.05) in response to the HF diet were included in the IPA.
Protein determination. Total protein and phosphorylation of Akt and mammalian target of rapamycin (mTOR) were determined in skeletal muscle (gastrocnemius) and liver lystates. Lysates were prepared in Laemmli buffer and separated by SDS-PAGE. Samples were resolved on 4 -12% bis-Tris SDS-PAGE gels (Invitrogen, Carlsbad, CA) followed by electrophoretic transfer to polyvinylidene difluoride membranes (Millipore, Billerica, MA). Membranes were blocked in 2% nonfat milk diluted in Tris-buffered saline (TBS) containing 0.05% Tween 20. Membranes were probed with primary antibodies overnight at 4°C and then incubated with secondary antibodies for 1 h at room temperature. Phospho-Akt (Ser 473 ) and phospho-mTOR (Ser 2448 ) were normalized to total Akt and mTOR as well as GAPDH, which was run as a secondary loading control (data not shown). Primary antibodies were as follows: total Akt, phospho-Akt (Ser 473 ), total mTOR, and phospho-mTOR (Ser 2448 ) (all from Cell Signaling Technology, Boston, MA) and GAPDH (Abcam, Cambridge, MA). All antibodies were diluted in 2% nonfat milk diluted in TBS containing 0.05% Tween 20. Membranes were washed in TBS containing 0.05% Tween 20. Densitometry was performed using GeneTools (Syngene, Fredrick, MD).
Statistical analysis. Differences between body weight, blood glucose, insulin, and NEFAs were determined using two-way ANOVA. A significance level of P Ͻ 0.05 was used, and differences with ANOVA were determined using a Tukey's post hoc test. Two-way ANOVA was used to calculate individual F-test significance for each metabolite. Metabolites were considered to be significant if they had a P value of Ͻ0.05 in both OPLS models or a univariate significance of P Ͻ 0.05 for either factor. All data are reported as means Ϯ SE.
RESULTS
Animal characteristics. After dietary manipulation, HF dietfed animals became obese, with average weights of 30.8 Ϯ 0.9 and 46.6 Ϯ 1.5 g for LF and HF diet-fed animals, respectively (P Ͻ 0.05). These data confirm those of other studies (1, 22) demonstrating that HF diet feeding in the C57BL/6J mouse causes significant obesity and insulin resistance, disposing of ϳ50% less glucose compared with chow-fed animals. Animal characteristics are shown in Table 1 . Exercise training resulted in a slight weight loss in both LF and HF diet-fed animals (P Ͻ 0.05). This finding was unexpected given the short duration and mild nature of the EX regime. Fasting blood glucose levels were elevated in HF diet-fed SED animals but not HF diet-fed EX animals, indicating the EX protocol was effective in abolishing diet-induced hyperglycemia (P Ͻ 0.05). Fasting NEFA levels were not different between groups. Plasma insulin levels were greater in HF diet-fed animals compared with LF diet-fed animals regardless of the exercise intervention (P Ͻ 0.05). However, no differences were noted between HF diet-fed SED animals and HF diet-fed EX animals.
Model validation. Test samples used for validation were blinded to the investigator and not used in model creation. While n ϭ 9 -12 samples were obtained, only n ϭ 7-8 samples are reported in the models. The remaining samples were used for validation purposes. The results showed that there was a greater variation of metabolites due to diet than exercise treatment. This can be seen in the greater spread between samples in the score plot (Fig. 1A) . Cross-validation tests of model quality demonstrated diet class prediction with 89% accuracy in EX animals and 73% in SED animals. Given the limited sample size used in model creation (n ϭ 7-8 samples/ treatment) and the complex physiology of the diet and exercise regimes, these validation scores indicate that the generated PLS models were veridical.
Model interpretation. Although diet and exercise manipulations resulted in distinct separation of treatments, significant interactions between groups were visible (Fig. 1A) . To separate these interactions, the data was modeled with OPLS (Fig. 1B) . Analysis of the resulting loadings (Fig. 1B) showed the response of both SED and EX animals to HF diet feeding. Metabolites on the dashed line of identity in Individual metabolites. To determine the individual metabolites changing in response to exercise, diet, and the dietexercise interaction, two-way ANOVA was performed. Individual concentrations of significant metabolites in each treatment group are shown in Table 2 . A metabolite was considered significant if it had a univariate ANOVA factor P Ͻ 0.05 or a multivariate P value of Ͻ0.05 for both EX and SED animals. Statistical differences and interactions for each metabolite in Table 2 are shown in Table 3 . A column plot showing the magnitude and direction of change for individual metabolites for SED and EX animals is shown in Fig. 2A .
When exercise and diet treatments were directly compared, diet had the most profound effects on the metabolite profile. Given the animals were rested for 36 h before serum collection, this finding was not unexpected. Of note, the HF diet caused a lower concentration in BCAAs (Fig. 2B) as well as many large polar amino acids, including phenylalanine and tyrosine. In addition, taurine and methionine, key metabolites involved in lipid homeostasis and insulin sensitivity, were lower in HF diet-fed animals ( Table 2) .
Network analysis. To leverage the system-wide perspective of metabolomics and to further investigate the relationships between individual metabolites, IPA (Ingenuity Systems; http://www.ingenuity.com) was used. While significantly changed metabolites were relevant to a number of biological networks and functions (Supplemental Material, Supplemental Fig. S1 ), pathways related insulin signaling were of particular interest and were highlighted. 1 In both SED and EX samples, numerous metabolites clustered with the functional groupings associated with insulin, proinsulin, and p38 MAPK. This metabolic "neighborhood," and the changes seen in each sample group, are shown in Supplemental Figs. S2 and S3 of the Supplemental Material.
Protein content and phosphorylation. Total and phosphorylated levels of Akt and mTOR were evaluated in skeletal muscle and the liver. Levels of total Akt, mTOR, and GAPDH did not change with genotype or treatment and were used as loading controls. All graphical data are shown as values normalized for the respective total protein. Protein levels of mTOR (Ser 2448 ) were elevated in the liver with HF diet feeding in SED animals but not in EX animals (Fig. 3A) . No differences in the phosphorylation of this protein were observed in skeletal muscle (Fig. 3B) . Examination of phospho-Akt (Ser 473 ) revealed that HF diet feeding increased the phosphorylation of this protein in the liver of SED animals (Fig. 3C) . EX lowered the levels of HF diet-induced phospho-Akt (Ser 473 ) with no differences between LF and HF diet-fed animals. In skeletal muscle, no differences in phospho-Akt (Ser 473 ) were observed in SED animals. However, EX resulted in an increase in phospho-Akt (Ser 473 ) in HF diet-fed animals but not in LF diet-fed animals, implying a higher relative exercise training intensity in these animals (P Ͻ 0.05; Fig. 3D ). 1 Supplemental Material for this article is available at the Journal of Applied Physiology website. Values are means Ϯ SE. LF, low fat; HF, high fat; SED, sedentary; EX, exercise training. Body weight was assessed before and after the exercise intervention. *P Ͻ 0.05, significance between LF and HF diets within a treatment (SED or EX); †P Ͻ 0.05 between SED and EX groups within a diet.
DISCUSSION
Exercise training effectively enhances the rates of energy expenditure and substrate flux, creating an ideal situation for large-scale metabolomic profiling. While single-metabolite measures have been a staple of physiological analysis for over a century, using magnetic resonance-based strategies in combination with targeted metabolite profiling represents a relatively novel tool. The goals of the present study were to determine whether short-term, moderate-intensity exercise training could alter basal metabolite profiles. A secondary aim was to examine whether exercise training could correct obesity-induced shifts in metabolic spectra.
The results demonstrate that 1 H NMR profiling can clearly distinguish between SED and EX in both LF and HF diet-fed animals. Additional findings demonstrate that while exercise can mitigate some of the abnormal patterns in metabolic spectra induced by HF diet feeding, they cannot negate it. In fact, when the effects of diet and exercise training were compared in the basal state, diet was a stronger predictor and had the larger influence on the metabolic profile. To test the reliability of the models generated in this study, external validation of the models was performed. Here, two samples from each treatment group or 26% of the samples collected in the study were randomly selected and blinded to the investigator. Samples were then examined for fit into PLS models. External validation samples were not used in model creation. The results demonstrated the diet could be correctly classified with an accuracy of 89%, whereas exercise training could be classified 73% of the time. These predictive percentages are high considering the limited sample sizes and the complex physiology of HF diet feeding and exercise training. As such, we can conclude that metabolomic profiling can create biologically relevant models to predict responses to both diet and exercise treatments.
In the present study, the common laboratory mouse was chosen to examine the effects of diet and exercise on the basal metabolomic profile. In addition to offering strict control over genetic background, diet, exercise, and age, the HF diet-fed C57BL/6J mouse also recapitulates human obesity. Much like the human condition, obesity occurs over a prolonged time period and is multifactoral (as opposed to a single genetic mutation) and results in impaired insulin sensitivity (7) . When fed a HF diet for 12 wk, C57BL/6J mice experience considerable insulin resistance, as measured by a hyperinsulinemic- Fig. 1 euglycemic clamp (8, 21) . Network analysis of significant metabolites in both diet and exercise treatments showed them to converge on insulin signaling (Supplemental Material, Supplemental Figs. S1 and S2). Amino acids are of particular interest as they are intimately involved in cell signaling, gene expression, and protein phosphorylation (27) . Despite nearidentical concentrations in the diets, BCAAs were lower with HF diet feeding but largely unaffected by exercise. These findings are in agreement with studies in Sprague-Dawley rats demonstrating a 22% reduction in BCAA levels after 4 wk of HF diet feeding (3) as well as in humans, where plasma leucine levels were depressed in type 2 diabetes and restored with 6 wk of rosiglitazone treatment (24) . It remains unknown whether differences in BCAAs with obesity stem from differential dietary consumption or metabolism. Recent work by Newgard et al. (20) has shown a strong relationship between a BCAA metabolite model (principal component analysis score) and insulin resistance (homeostatic model assessment). As BCAAs have been implicated in insulin signaling, in part through activation of the mTOR signaling cascade, phospho-mTOR (Ser 2448 ) and phospho-Akt (Ser   473   ) were examined in the liver and skeletal muscle. The results showed increased phosphor- 
Values are means Ϯ SE (in M); n ϭ 7-8 samples/treatment. Data were categorized by treatment groups for all significant metabolites. Metabolites were considered significant if any factor ANOVA P values or both Orthogonal Projection to Latent Structures (OPLS) coefficient P values were Ͻ0.05. Statistical data for all metabolites are shown in Table 3 . ylation of both proteins in the liver with HF diet feeding in SED animals. Exercise training eliminated these differences. No differences in skeletal muscle phospho-mTOR (Ser 2448 ) were noted. However, there was an increase in skeletal muscle phospho-Akt (Ser 473 ) with EX in HF diet-fed animals. This differential response is likely due to a greater relative exercise training intensity in this group compared with LF diet-fed animals. No direct relationships between BCAAs and either mTOR or Akt phosphorylation could be established from the present data.
Despite animals resting for 36 h before sample collection, serum lactate levels were also lower in HF diet-fed animals in both SED and EX conditions. The lower lactate levels in HF diet-fed animals may reflect a diminished turnover of carbohydrate stores. Additional metabolites declining with HF diet feeding in both SED and EX were taurine and its precursor, methionine. This semiessential amino acid has been implicated in the regulation of lipid homeostasis, insulin secretion, glucose uptake, and antioxidant defence (6) . The fact that this pathway was downregulated in HF diet-fed animals highlights that their obese, insulin-resistant phenotype was largely unaltered by the exercise regime. Supplementation of taurine to animal and human diabetes has shown it to reduce disease severity (6, 27) . Besides individual metabolites, clusters of metabolites that are closely related and react similarly can be useful in indentifying points of disregulation. Taken individually, the significance of some of these metabolites might be overlooked, but their concerted pattern may be of interest. In the present study, arginine, citrulline, and proline are all closely related via nitric oxide synthesis to vasculature regulation and have been implicated in insulin delivery, sensitivity, and glucose uptake (14) . These metabolites clustered in the OPLS model (Fig. 1B) . The results showed all of these metabolites were elevated in HF diet-fed animals, regardless of exercise; coupled with the one-directional nature of arginine synthesis from ornithine, its depletion in EX animals invites further study.
Exercise also had profound effects on a number of individual metabolites. In HF diet-fed animals undergoing EX, there was a normalization of circulating glucose, indicating a therapeutic benefit. Exercise training has been shown to increase glucose transporter (GLUT4) expression and glucose tissue utilization in this model (8, 9) . Additional metabolites changing in response to exercise included glutamine and acetate. Primarily produced by skeletal muscle, resting levels of glutamine declined after EX. The ratio of glutamine to glutamate, which is often used as an indicator of training, was also altered, with a lower value of 4.6 in the LF diet-fed EX group and a high value of 9.9 in the HF diet-fed SED group. This fact is reinforced by the network analysis, where glutamate was centrally featured in both SED and EX response to a HF diet (Supplemental Figs. S2 and S3) . Finally, acetate is a precursor to acetyl-CoA, which is metabolized by the tricarboxylic acid cycle. Lower concentrations in EX animals are indicative of a greater reliance on glucose and enhanced accumulation of glycogen in tissues (16, 17) .
As metabolomic profiling can quantify entire spectral profiles, metabolite clusters, and individual metabolites, this technology has typically been used to examine disease states including cardiovascular disease (18) , arthritis (25) , and cancer (5) . It is only recently that metabolomics has been used to examine health, obesity, insulin resistance, and exercise training. Of note, a study by Yan et al. (29) specifically examined the effects of exercise training. Analysis of sera from professional rowers undergoing rigorous training showed the technology to successfully detect differences between control subjects and athletes as well as differences in training duration and years of athlete experience. Metabolomic profiling was also sensitive enough to discriminate changes in metabolites occurring with 1 versus 2 wk of exercise training. Indeed, metabolomics technology may eventually be used to determine individual responses to exercise training, overtraining, and nutritional supplementation.
Limitations of the present study include the measurement of metabolites by NMR. This technology is not as sensitive as mass spectroscopy and detects only metabolites at higher concentrations within the metabolome. Ideally, both methodologies would be included. Additional limitations include the presence of anesthesia, a factor that could undoubtedly alter metabolomic profiling in these animals. However, given the large volume of blood collected from animals, this cofounder was unavoidable. Other limitations include the measurement of serum and not tissue metabolites. Although we can confirm LF and HF diet-fed animals had differential responses to the exercise training regime, we cannot pinpoint the source or tissue responsible for these differences. It is likely that differences in relative exercise intensity and skeletal muscle and hepatic metabolism were all contributors to the observed metabolomic profiles. In summary, we show that metabolomics is capable of discriminating prior exercise training in a basal state in lean and obese mice. Our results also show that, when compared, diet rather than exercise training is the predominant determinant of the resting metabolic profile.
